During human placentation, extravillous cytotrophoblast cells emerge from chorionic villi contacting the decidua to invade the uterine wall. When isolated from first-trimester placentae, cytotrophoblast cells undergo step-wise differentiation in vitro that recapitulates the phenotypic heterogeneity observed in vivo. We examined a cell line, HTR-8/SVneo, that has been established from human first-trimester cytotrophoblast to determine whether these cells possess some of the unique cytotrophoblast characteristics that have been described previously. Exposure during serum-free culture to hypoxic conditions (2% oxygen concentration) increased HTR-8/SVneo cell proliferation and reduced invasion of a three-dimensional basement membrane (Matrigel). During culture on surfaces coated with individual extracellular matrix proteins, HTR-8/SVneo cells expressed cytokeratin but not the trophoblast-specific major histocompatibility protein, HLA-G. However, HLA-G expression was induced in HTR-8/SVneo cells that contacted Matrigel. Expression of the ␣5 integrin subunit was relatively unaffected by matrix composition, whereas ␣1 was up-regulated and ␣6 was down-regulated after transferring cells to Matrigel. Hypoxia increased ␣6 and decreased both ␣1 and HLA-G expression on Matrigel. HTR-8/SVneo cells retain several important characteristics associated with primary cultures of first-trimester human cytotrophoblast cells, including their altered behavior in response to a changing maternal environment.
INTRODUCTION
The human conceptus is surrounded by extraembryonic tissues that isolate and provide physical support to the fetus, afford access to maternally derived sustenance, and suppress maternal immune rejection. These broad properties arise from the activities of a highly versatile population of extraembryonic cells, the trophoblast, that line the interface between the conceptus and maternal tissues [1] [2] [3] [4] [5] . Trophoblast cells line the outer layer of the chorionic membrane, which contacts the decidua parietalis. At the placenta, trophoblast cells form a stratified, transporting epithelium, consisting of mononucleated cytotrophoblast cells and an outer syncytiotrophoblast layer that enshrouds the surfaces of the chorionic plate and the chorionic villi, which are both bathed in maternal blood. Along the basal plate, anchoring villi that contain cytotrophoblast cell columns spawn highly invasive extravillous trophoblast cells that migrate throughout the decidua basalis. Interstitial invasion of the placental bed by extravillous trophoblast cells promotes placental anchorage and is accompanied by endovascular invasion, wherein the spiral arteries are remodeled to increase blood flow toward the intervillous space.
The versatility of trophoblast cells stems from their ability to undergo phenotype conversion in response to cues provided by the maternal environment [1, 6, 7] . Within the chorionic villi, cytotrophoblast cells fuse to form a syncytium and behave as a polarized transporting epithelium. However, in villi that contact the decidua, they form anchoring columns of proliferating mononucleated cytotrophoblasts [5] . Cytotrophoblast cells at the interface between the columns and placental bed convert to an invasive phenotype, and those cells that overtake and invade uterine blood vessels further transform to an endothelial phenotype [8] . These phenotype conversions are accompanied by a switch in the expression of cadherin superfamily members and integrin subunits. For example, the integrin ␣ 6 ␤ 4 is abundant in the villous trophoblast but absent from extravillous cytotrophoblast cells, while ␣ 1 ␤ 1 predominates only in the extravillous cells [6] . When cultured in vitro, cytotrophoblast cells isolated from first trimester placentae can be induced to switch their complement of integrins by exposure to Matrigel basement membrane or a mixture of purified laminin and type IV collagen [9] . Another protein that is up-regulated in extravillous cytotrophoblast cells is the MHC class Ib protein HLA-G [10] , which may play a role in maternal tolerance of the fetal semi-allograft. HLA-G accumulates in cultured cytotrophoblasts as they invade Matrigel [11] . Low O 2 levels that have been recorded within human implantation sites prior to Week 10 of gestation [12] present another challenge for trophoblast cells. Whereas many cell types cannot survive at low O 2 concentrations, cytotrophoblast cells proliferate at an accelerated rate in response to hypoxia in vitro [13] . Hypoxia also prevents integrin switching in vitro and reduces trophoblast invasion of Matrigel. It has been proposed that the proliferative response to hypoxia permits trophoblast cells to thrive within the implantation site during early placentation [13, 14] .
No adequate animal models exist for the study of physiological processes associated with human implantation; thus, most experimental data have been generated using primary cultures of human trophoblast. To facilitate the investigation of human trophoblast biology, first-trimester human cytotrophoblast cells grown from chorionic villous explants have been transfected with the simian virus 40 large T antigen [15] . The resulting cell line (HTR-8/SVneo) possesses an extended life span, but it is nontumorigenic and shares phenotypic features with primary cytotrophoblast cell cultures, including expression of cytokeratin, human chorionic gonadotropin, and type IV collagenase [15] . This cell line is highly useful for experimentation that requires long-term culture of homogeneous human trophoblast cell populations. We have further investigated the phenotype of HTR-8/SVneo and found that it shares important features with primary cultures of human cytotrophoblast cells that may be manipulated in vitro by modifying the culture environment.
MATERIALS AND METHODS

Cell Culture
HTR-8/SVneo cells (passages 29-45), JEG-3 choriocarcinoma, and Ishikawa endometrial adenocarcinoma were cultured in a 1:1 mixture of Dulbecco's modified Eagle's medium (DMEM) and Ham's F-12 (Sigma Chemical Co., St. Louis, MO) containing 10% donor calf serum. The culture medium was changed every 2-3 days and cells were passaged using trypsin-EDTA solution (Life Technologies Inc., Gaithersburg, MD). Cells were cultured at 37ЊC in a humidified incubator containing 5% CO 2 and air (20% O 2 ). For culture under hypoxic conditions, cells were cultured in a humidified secondary chamber (Bellco Glass Inc., Vineland, NJ) that was continually flushed with a mixture of 5% CO 2 , 2% O 2 , and 93% N 2 (Wilson Gases, Detroit, MI). In addition to culture in serum-containing medium, cells were cultured in serum-free medium containing 5 mg/ ml BSA in 96-well microtiter plates (Becton Dickinson Labware, Bedford, MA) coated overnight at 4ЊC with 2 g/ ml human plasma fibronectin, 10 g/ml human laminin, or 10 g/ml collagen type IV (all from Life Technologies). Wells were also coated for serum-free culture with a thin layer (15 l/well) of Matrigel basement membrane (Collaborative Research, Bedford, MA). Prior to passaging for experiments conducted in serum-free medium, adherent HTR-8/SVneo cells were rinsed free of serum and cultured for 24 h in DMEM/F12 containing 5 mg/ml BSA.
Proliferation Assay
Cells (1000) were added to microtiter plates in 150 l/ well of medium and then cultured at 37ЊC in an atmosphere containing either 20% or 2% O 2 . After 72 h, cells in each well were gently rinsed with PBS and then fixed for 30 min in PBS containing 4% paraformaldehyde. After washing each well 3 times with PBS, 150 l of 2% Giemsa reagent (Sigma) was added for 30 min. Excess stain was removed by rinsing 3 times with 150 l of PBS. The absorbed stain was then solubilized using in 150 l of methanol and the optical density was measured at 630 nm using a Bio-Tek (Bio-Tek Instruments Inc., Winooski, VT) EL 340 plate reader. Control wells containing no cells were used to determine the background optical density, which was subtracted from all samples. The optical density was found to be linear with cell number between 1000 and 200 000 cells in preliminary experiments. Proliferation was also assessed by immunocytochemistry (see below) using an antibody against the proliferation-associated protein, Ki-67. After staining, three fields of 100 cells were counted within each well to determine the percentage of positive-staining cells.
Cell Death Assay
ECM-Coated microtiter plates containing 2500 Ishikawa cells per well in 150 l of serum-free medium were cultured at either 2% O 2 or 20% O 2 . After 24 h, the wells were gently rinsed with PBS and then fixed for 30 min in PBS containing 4% paraformaldehyde. Cells were washed three times with PBS, permeabilized for 10 min with 0.1% Triton X-100 in PBS, and washed three more times with PBS. Apoptosis was detected by the terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling (TUNEL) method. TUNEL reaction mixture, provided in a kit from Roche Molecular Biochemicals (Indianapolis, IN) and supplemented with 5 g/ml 4Ј,6-diamidino-2-phenylindole, HCl (DAPI; Calbiochem, La Jolla, CA), was added to each well and incubated at 37ЊC for 1 h. Wells were rinsed three times with PBS and observed using epifluorescence microscopy. The total number of cells in at least six fields were counted by viewing DAPI at an excitation wavelength of 340-380 nm. Each field was recounted using an excitation wavelength of 450-490 nm to determine the number of cells labeled with fluorescein-UTP by the TUNEL method. The percentage of TUNEL labeled cells was then determined from the ratio of positive to total (n ϭ 600) cells.
Invasion Assay
HTR-8/SVneo cells were cultured on Matrigel in 6.5 mm transwell inserts with polycarbonate membrane filters containing 8-m pores (Corning Inc., Acton, MA). To prepare the gel, 15 l of undiluted Matrigel was incubated on top of the membranes at 37ЊC and the inserts were placed into 24-well culture plates containing 500 l of serum-free DMEM/F12 medium in each well. The polymerized gel was determined to be approximately 15-m thick. After gel formation, 20 000 cells were cultured at 37ЊC for 72 h on the Matrigel in 100 l of medium under normoxic or hypoxic conditions. Cells that penetrated the Matrigel and populated the lower chamber were detached using 500 l trypsin-EDTA solution, centrifuged at 800 ϫ g, and resuspended in 500 l of medium. The total number of invading cells was quantified by cell counting with a disposable microcytometer (Cytonix Corp., Beltsville, MD) having a 20-m depth [16] . Preliminary experiments demonstrated that the number of cells in the lower chamber increased linearly between 48 and 96 h of culture (data not shown). By removing the insert to a new well each day, it was possible to confirm a similar linear increase of cells in the lower chamber, demonstrating that the increase was due to cell invasion rather than proliferation of cells that had previously entered the lower chamber.
Immunocytochemistry
Cells grown in 96-well plates were fixed for 30 min in PBS containing 4% paraformaldehyde and washed three times with PBS. All antibodies were prepared in PBS containing 10 mg/ml of BSA. The primary antibodies used in this study included monoclonal antibodies against cytokeratin (antibody 7D3 [6] , rat IgG in a hybridoma culture supernatant diluted 1:100, a gift from Drs. Y. Zhou and C.H. Damsky, University of California, San Francisco), HLA-G (antibody 4H84 [17] , mouse IgG 1 in a hybridoma culture supernatant diluted 1:100, a gift from Dr. M. McMaster, University of California, San Francisco), Ki-67 (affinitypurified rabbit anotibody used at 10 g/ml; DAKO Corp., Carpintera, CA), and the integrins, ␣1, ␣5, and ␣6 (mouse IgGs used at 1 g/ml; Upstate Biotechnology, Lake Placid, NY). Fixed cells were incubated overnight at 4ЊC in primary antibody or 10 g/ml of nonimmune rat, rabbit, or mouse IgG (Jackson ImmunoResearch Laboratories Inc., West Grove, PA). After incubation with primary antibodies, cells were rinsed three times with PBS and incubated for 60 min at 37ЊC with 10 g/ml of biotin-conjugated rabbit anti-rat, goat anti-rabbit, or rabbit anti-mouse IgG (Jackson ImmunoResearch Laboratories). Cells were again washed 3 times with PBS and incubated for 20 min at room temperature with an avidin-biotin-peroxidase complex (Elite ABC kit; Vector Laboratories Inc., Burlingame, CA). The peroxidase label was then developed for 10 min using 3-amino-9-ethlycarbazole and peroxide with a kit from Calbiochem. Immunoperoxidase staining (red-brown) was viewed using a Leitz (Wetzlar, Germany) Fluovert FU inverted microscope, and representative images were acquired using a Spot Jr. digital camera (Diagnostic Instruments Inc., Sterling Heights, MI).
Immunoblotting
Monolayers of JEG-3 or HTR-8/SVneo cells cultured for 72 h in serum-containing medium on plastic or in serumfree medium on a layer of Matrigel were washed and harvested by scraping with a rubber policeman into ice-cold PBS. After centrifugation at 1000 ϫ g, the cells were lysed in ice-cold TNC buffer (10 mM Tris-acetate, pH 8.0, 0.5% Nonidet P-40 and 5 mM CaCl 2 ) containing a protease inhibitor cocktail (1 mM PMSF, 25 KIU/ml aprotinin, 2 M leupeptin, 2 M antipain, 10 M benzamidine, 1 M pepstatin, and 1 M chymostatin; all from Sigma). Cells grown on Matrigel were sonicated twice for 20 sec and all cell samples were incubated on ice for 30 min. After centrifugation at 14 000 ϫ g for 3 min, the supernatants were recovered and their protein concentrations were determined using a Bio-Rad (Rockville Center, NY) DC protein assay. Protein extract from JEG-3 (1.6 g/lane) or HTR-8/SVneo (25 g/lane) cells was diluted in SDS sample buffer containing 5% ␤-mercaptoethanol and 4 M urea and electrophoresed in a 10% SDS polyacrylamide gel according to the method of Laemmli [18] . An additional lane contained prestained molecular weight markers (Sigma). Proteins separated within the gel were electrophoretically transferred to polyvinylidene difluoride membranes (Millipore, Burlington, MA), which were subsequently blocked overnight with 5% (w:v) nonfat dry milk in 20 mM Tris-HCl, pH 7.6, 145 mM NaCl, and 0.1% Tween-20 (TTBS). The membranes were then incubated overnight at 4ЊC in TTBS with 5% nonfat dry milk and a 1:100 dilution of hybridoma culture supernatant containing a mouse monoclonal antibody against HLA-G (4H84). In control experiments, the antibody was replaced with nonimmune mouse IgG. The membranes were then washed in TTBS and incubated for 2 h at room temperature with a 1:5000 dilution of horseradish peroxidase-conjugated goat anti-mouse IgG (Jackson ImmunoResearch). After further washing in TTBS, the peroxidase reaction was developed using an enhanced chemiluminescence kit (Amersham, Arlington Heights, IL), according to the manufacturer's instructions. Probe binding was visualized by autoradiography with Hyperfilm ECL (Amersham) at room temperature for 2-5 min. The intensity of autoradiographic bands was determined by scanning densitometry using a Howtek (Hudson, NH) Scanmaster 3ϩ and BioImage (Ann Arbor, MI) Whole Band Analyzer (ver. 3.2) software. 
Statistical Analysis
Proliferation, cell death and invasion assays, as well as immunochemical staining of cultured cells, were conducted in triplicate wells, and all experiments reported in this paper were repeated at least three times. All means are reported with the SEM. Data generated in the determination of cell proliferation (Giemsa method) and invasion were subjected to a t-test to determine significance. The percentages of Ki-67-staining cells and TUNEL-labeled cells were tested for significant differences using chi-square analysis.
RESULTS
Cell Invasiveness
Choriocarcinoma cells have been widely used as a model system for the investigation of human trophoblast cell biology, although the invasiveness of first trimester cytotrophoblast may exceed some of the choriocarcinoma cell lines [19] . Furthermore, the relative invasiveness among choriocarcinoma cell lines is quite variable [20] , as illustrated by the superficial growth of JEG-3 cells cultured without serum on Matrigel, a three-dimensional basement membrane (Fig. 1, A and AЈ) . HTR-8/SVneo cells cultured on Matrigel formed aggregates at the gel surface that emanated streams of invading cells (Fig. 1, B and BЈ) in a manner similar to primary cultures of first-trimester cytotrophoblast cells [21, 22] . As the optical plane in Figure 1 was changed, JEG-3 cells only appeared in focus at the gel surface, while HTR-8/SVneo cells within invading streams could be found in focal planes throughout the gel.
Response to Hypoxia
Cytotrophoblast cells isolated after enzymatic dispersion of chorionic villi are unusual in their response to hypoxia, which stimulates their ability to proliferate and reduces their ability to differentiate to an invasive phenotype [13, 14] . HTR-8/SVneo cells behaved in a such a manner when cultured under hypoxic conditions. To quantify their invasive capacity, cells were cultured serum free on Matrigelcoated culture well inserts, and the number of invading cells that reached the lower chamber was quantified after 72 h. At an O 2 concentration of 2%, invasion of Matrigel decreased approximately 3-fold (P Ͻ 0.05; Fig. 2A ). This was confirmed by collecting the invading cells in different wells during each 24-h period to reduce the potential impact of cell proliferation in the lower chamber. The mean number of cells migrating into the lower chamber between 24 and 48 h of culture was 796 Ϯ 191 and 181 Ϯ 36 at 20% O 2 and 2% O 2 , respectively (P Ͻ 0.05); during the next 24-h period the numbers were 651 Ϯ 125 and 289 Ϯ 36, respectively (P ϭ 0.05). In contrast to invasiveness, cell proliferation was enhanced in excess of 2-fold by hypoxia (P Ͻ 0.05; Fig. 2B ). Essentially identical results were obtained in proliferation experiments when cells were cultured in serum or serum-free on fibronectin, laminin, or collagen type IV, although the proliferation rate was doubled under both oxygen concentrations in serum (data not shown). The increased proliferation of HTR-8/SVneo cells exposed to hypoxic culture conditions was confirmed by examining the cell proliferation marker, Ki-67. The percentage of positivestaining cells increased from 42% to 71% (P Ͻ 0.05) with hypoxia. Even more striking was the intensity of anti-Ki-67 immunostaining, which was elevated in cells cultured at the lower oxygen tension (Fig. 2, C and D) . Contact with Matrigel diminished trophoblast proliferation, reducing the number of Ki-67 positive cells to 18% (P Ͻ 0.05), while these numbers recovered to 47% in cells cultured on Matrigel at 2% O 2 . In contrast, we observed that a non-trophoblast cell line, Ishikawa endometrial adenocarcinoma, cultured at 2% O 2 did not survive. Cell death was apparent after 24 h according to TUNEL staining, which increased from 4% at 20% O 2 to 28% at 2% O 2 (P Ͻ 0.05). At 48 h, cell number decreased 50% with hypoxia due to cell detachment, which was nearly complete by 72 h.
HLA-G Expression
As previously reported [15] , HTR-8/SVneo cells expressed the epithelial marker, cytokeratin, which is char- acteristic of trophoblast cells of all phenotypes. An example of cytokeratin staining of HTR-8/SVneo cells cultured in serum-free medium on plastic coated with laminin is shown in Figure 3B . A similar level of cytokeratin expression was observed when the cells were grown in serum or serumfree on fibronectin, collagen type IV, or Matrigel (data not shown). No staining was found when rat IgG was substituted for the primary antibody (data not shown). A protein that is specifically expressed by extravillous trophoblast cells, HLA-G [11] , was expressed in large quantities by JEG-3 choriocarcinoma cells (Fig. 4, lane 1) , as previously reported [10, 17] . HTR-8/SVneo cells did not express HLA-G when they were cultured on individual matrix proteins (e.g., laminin in Fig. 3C ) or in serum (Fig. 4, lane 2) . However, HLA-G was clearly expressed in HTR-8/SVneo cells that were cultured on Matrigel (Fig. 3D) . HLA-G expression was particularly elevated in cells directly contacting the matrix, as opposed to those near the center of the invading streams of cells. The dramatic effect of Matrigel on HLA-G expression was apparent in immunoblot experiments that revealed after densitometry an increase in staining intensity of approximately 100-fold, compared to cells cultured on plastic (Fig. 4, lanes 2 and 3) . In contrast, hypoxia reduced HLA-G expression in HTR-8/SVneo cells cultured on Matrigel by 2.5-to 3.0-fold ( Fig. 3E; Fig. 4, lane  5) . HLA-G expression by HTR-8/SVneo cells was considerably lower than that of the JEG-3 cells, as the latter required 15 times less protein to generate a comparable level of antibody staining (Fig. 4, lanes 1 and 3) . It is not clear whether HTR-8/SVneo cells actually produce less HLA-G than the choriocarcinoma, since the lower immunostaining may have resulted from incomplete extraction of the protein from cultures grown in Matrigel. The 4H84 antibody was raised against an epitope in the ␣1 domain, which is included in all HLA-G mRNA splice forms, and the antibody recognizes a variety of placental glycosylation forms between 39 and 50 kDa [17] . Like the JEG-3 cell line, HTR-8/SVneo cells produced an HLA-G banding pattern with less molecular weight heterogeneity than those detected in placenta-derived samples, suggesting that the cellular glycosylation apparatus of HTR-8/SVneo cells may differ somewhat from that of primary cytotrophoblasts or that other factors within the placenta contribute to its glycosylation. No band was observed between 38 and 55 kDa when identical immunoblots were probed with nonimmune mouse IgG in place of antibody 4H84 (data not shown).
Integrin Switching
In primary cultures of cytotrophoblast cells obtained from first-trimester conceptuses, culture conditions dictate integrin expression in a manner consistent with the observation of integrin switching that occurs in vivo during trophoblast differentiation [6, 9] . To determine whether in vitro integrin switching also occurs in HTR-8/SVneo cells, the expression of key integrins was assessed by immunocytochemistry during invasive and noninvasive culture. Culture of HTR-8/SVneo cells in serum or in serum-free medium on plastic coated with individual matrix proteins produced detectable levels of the ␣6 integrin subunit, but not ␣1 (e.g., on laminin in Fig. 5, A and C) , an expression pattern that is associated with stem cell populations of cytotrophoblast cells in the chorionic villi [6] . When cultured in Matrigel, HTR-8/SVneo cells within the invasive streams down-regulated ␣6 and up-regulated ␣1 expression (Fig. 5,  B and D) . Like HLA-G, ␣1 expression was most highly induced in cells that were in direct contact with the Matrigel at the edges of invading streams (Fig. 5B) . These expression patterns are identical to observations reported for primary cultures of cytotrophoblast cells isolated from first trimester placentae [9] . The ␣5 subunit, which is elevated in aggregates of cytotrophoblast cells within cell columns of the anchoring villi [6] , was highly expressed in HTR-8/ SVneo cells cultured under all conditions (Fig. 5, E and F) , and was unaffected by hypoxia (data not shown). Consistent with the inhibitory effect of hypoxia on trophoblast invasiveness, HTR-8/SVneo cells cultured on Matrigel under low O 2 tension expressed decreased levels of ␣1 and elevated levels of ␣6 (Fig. 5, G and H) .
DISCUSSION
Establishment of the HTR-8/SVneo cell line [15] has provided an effective model system for conducting cell biological studies of first trimester cytotrophoblast differentiation with homogeneous cells that are essentially immortal [23] . HTR-8/SVneo cells express cytokeratin, a marker for trophoblast and other epithelial cells, as well as human chorionic gonadotropin, which is trophoblast-specific. Characteristics in common with primary cytotrophoblast cells include the ability of HTR-8/SVneo cells to invade Matrigel without being tumorigenic, their formation of giant multinucleated cells in culture and their down-regulation of proliferation, invasion, and urokinase secretion when treated with transforming growth factor-␤ [15] . Choriocarcinoma has also been used to investigate trophoblast behavior, but these cells are tumorigenic and resistant to anti-proliferative and anti-invasive signals of transforming growth factor-␤ [20] . They also differ from normal trophoblast cells in their invasiveness on some extracellular matrices, as demonstrated by the inability of JEG-3 cells to penetrate Matrigel basement membrane. In this respect, JEG-3 cells more closely resemble second and third trimester trophoblast, which poorly invades basement membrane [22, 24, 25] .
We have further assessed the similarities between HTR-8/SVneo cells and primary cytotrophoblasts by demonstrating their abilities to express HLA-G, switch integrins during invasive differentiation and proliferate in response to hypoxia. We conclude that the physiological performance of HTR-8/SVneo cells is consistent with that of normal first-trimester cytotrophoblast cells. The phenotype of HTR-8/SVneo cells was highly sensitive to the in vitro culture environment, suggesting mechanisms that may regulate trophoblast differentiation throughout the early implantation site in utero. Major shifts in HTR-8/SVneo cell proliferation, invasion, and protein expression were observed when the extracellular matrix composition or O 2 concentration were altered (summarized in Table 1 ). It has been proposed that comparable cues are provided during early placentation that regulate trophoblast proliferation and differentiation [1, 3, 8, 9, 13] .
HTR-8/SVneo cells proliferated both in serum and in serum-free medium on surfaces coated with individual extracellular matrix glycoproteins, although the removal of serum reduced proliferation about 50%. Exposure to low levels of O 2 under serum-free conditions stimulated proliferation and reduced invasiveness, a phenomenon that has been suggested by others to occur during the early first trimester [13, 14] . The implantation site is thought to be hypoxic during the first 10 wk of pregnancy [12] , when extraembryonic tissue growth is of critical importance for successful placentation. These observations, along with the absence of integrin switching during hypoxic culture on Matrigel, have been observed previously [13, 14] . The observed physiological effects may be tightly regulated by the O 2 concentration, since at 8% O 2 , cytotrophoblast proliferation and invasion remain unaltered [14] . In addition to reduced integrin switching, we have observed that the elevated expression of HLA-G that occurs during culture on Matrigel was repressed by hypoxia, suggesting that hypoxia broadly inhibits conversion of cytotrophoblast cells to the extravillous phenotype, while enhancing placenta growth. There is also evidence to suggest that trophoblast invasion may not be suppressed by hypoxia under certain conditions. Increased invasiveness of HTR-8/SVneo cells and coincident elevation of urokinase plasminogen activator receptor have been observed at 1% O 2 in serum-containing medium [23] . The activation of an invasion-stimulating protease cascade by plasminogen present in serum, reduced O 2 levels, or the use of a different invasion assay may account for this observation, which differs from the present and other [13, 14] reports. Since culture conditions do not ex- actly replicate the in vivo environment, it remains possible that the responses of cytotrophoblast cells to in vitro perturbations may not accurately reflect their behavior during early placentation
Immunocytochemical staining indicated that non-invasive HTR-8/SVneo cells were ␣5-positive and HLA-G-negative. Although ␣6 was expressed by HTR-8/SVneo cells cultured on plastic, their phenotype was not typical of the villous cytotrophoblast cells, which do not express ␣5␤1 [6] . This seems in accordance with the origin of the HTR-8/SVneo cell line, which was derived from cells that outgrew in cultures of first-trimester villous fragments [15] . The ␣5-positive phenotype of HTR-8/SVneo cells under these culture conditions resembled that of cytotrophoblast cells within the proximal columns of placental anchoring villi [6, 17, 26] , which are sites of cytotrophoblast proliferation. Contact with Matrigel altered integrin expression, reducing ␣6 and increasing ␣1, with persisting expression of ␣5. HLA-G expression was also induced by the basement membrane. The non-immortalized parental cell line, HTR-8, expresses the integrins ␣1␤1, ␣3␤1, and ␣5␤1, while very few cells are positive for ␣6␤4 [27] , suggesting that the extravillous phenotype predominates in these cultures. Accordingly, these cells produce detectable levels of HLA-G mRNA and protein when cultured on laminin-coat-ed surfaces [28] . Upon immortalization of the parental cell line, a highly proliferative subpopulation may have been selected that possesses a less extravillous phenotype when propagated on plastic. As the HTR-8/SVneo cells acquired an invasive phenotype on Matrigel, their ability to proliferate decreased, as indicated by Ki-67 expression. The altered phenotype of HTR-8/SVneo cells was in keeping with both extravillous cytotrophoblast cells developing in utero and primary cytotrophoblasts cultured on Matrigel. Therefore, HTR-8/SVneo cells appear to be a useful model for in vitro studies of human first trimester cytotrophoblast cells 1) within the proximal region of cytotrophoblast columns when cultured on adhesive plastic surfaces and 2) of the extravillous lineage when cultured in Matrigel. Primary cultures of cytotrophoblast cells do not proliferate well and rapidly undergo conversion to the extravillous phenotype once a culture has been established [9, 22] . Establishment of extravillous trophoblast cell lines from first trimester chorionic villous explant cultures on plastic, although feasible, is difficult, and these cells are short-lived [27] . The ability of HTR-8/SVneo cells to retain the less mature cytotrophoblast phenotype during continued passaging provides a clear advantage for the design of experiments that examine cytotrophoblast differentiation.
Matrigel-induced conversion to the extravillous phenotype is not a well-understood process. Recent in vitro experiments using explanted human placental villi have demonstrated that extracellular matrix is able to induce this differentiation independently of any paracrine factors that may be produced by maternal cells [29] . When cultured on either Matrigel or a collagen I gel, the tips of explanted villi first form columns of cytotrophoblasts and then sprout extravillous trophoblast cells. Immunocytochemical staining revealed the appropriate localization of ␣5␤1 and ␣1␤1 in the columns and outgrowths produced by these cultures [29] . Trophoblast phenotype conversion could derive from exposure to growth factors present in Matrigel. However, Damsky et al. [9] found that a mixture of collagen IV and laminin induced similar changes in primary cytotrophoblast cultures, suggesting that contact with permissive ECM, not other factors present in Matrigel, most likely accounts for the observed cellular transformation. Since HTR-8/SVneo cells remained relatively undifferentiated when cultured on coated plastic and only differentiated in Matrigel, the threedimensional structure of the matrix may be more important than its composition in promoting extravillous cytotrophoblast differentiation in vitro. During implantation, the apical surfaces of mouse trophoblast cells are highly sensitive to contact with extracellular matrix, which alters the adhesive characteristics of integrins located at those surfaces [30] . A similar matrix-induced phenotype conversion that is based on integrin switching may regulate cytotrophoblast outgrowth from the tips of human chorionic villi.
The present report confirms prior work indicating the utility of the immortalized HTR-8/SVneo cell line for investigation of early cytotrophoblast development in vitro. Using these cells, we have replicated and extended evidence accumulated from primary cytotrophoblast culture that the extracellular matrix and O 2 concentration provide important environmental cues that regulate cytotrophoblast differentiation during the first trimester.
